Objectives: We describe the outcomes of second-line drug resistance profiles and predict the efficacy of drugs for third-line therapy in patients monitored without the benefit of plasma HIV-1 RNA viral load (VL) or resistance testing.
Introduction
In Mali, of 182 000 HIV-1-infected individuals, more than 33592 were enrolled in the national antiretroviral therapy (ART) programme in December 2010. The majority of patients were receiving first-line regimens that included two nucleos(t)ide reverse transcriptase inhibitors (NRTIs) and one non-NRTI (NNRTI). The fixed-dose combination Triomune w (stavudine/lamivudine/nevirapine) is largely used in Mali as a first-line regimen 1, 2 Other available antiretroviral drugs for first-line therapy include zidovudine and efavirenz. It is estimated that ,15% of patients are on a second-line regimen that includes two NRTIs combined with one ritonavir-boosted protease inhibitor (PI), as recommend by the WHO in 2009 3 and Malian antiretroviral guidelines in July 2010. The genetic barrier for resistance to NNRTIs is very low, requiring a high level of adherence for longterm suppression of plasma HIV-1 viral load (VL). Virological monitoring with VL and resistance testing is limited in Mali so far, thus there are many patients with detectable viraemia while on first-or second-line therapies. Detectable viraemia during treatment has important consequences, including the development of drug resistance mutations and the need to switch to another regimen, with considerable cost implications. 4, 5 If resources are available, VL monitoring every 6 months is now recommended, or targeted testing can be performed to confirm clinical or immunological failure. 3 Virological monitoring, however, is still not feasible for the majority of patients on ART due to the absence of adequate laboratory facilities and the high cost of testing. HIV drug resistance genotyping is recommended at the population level for surveillance and monitoring in Mali for second-line failures only. 3 There is thus a need to assess virological outcomes in routine care settings in Mali and other resource-limited countries in order to evaluate the effectiveness of antiretroviral programmes, to evaluate whether the second-line treatment recommended by WHO would still be effective and to inform the choice of third-line treatment. A study conducted in 2008 in Mali and Burkina Faso, West Africa, showed a 33% prevalence of thymidine analogue mutations (TAMs) with the use of a stavudine-based regimen, thereby limiting NRTI options for second-line treatment. The same study showed 55% of mutants carried Y181C and K103N, which confer resistance to first-generation NNRTIs. In 2011, a similar high prevalence of resistance to first-line therapy was reported in other West African settings, Togo and Benin. 6, 7 In collaboration with several partners [Northwestern University in Chicago, Pitié-Salpêtrière Hospital in Paris, ESTHER (a French agency for AIDS in developing countries), SOLTHIS (a non-governmental organization) and the National AIDS Program in Mali], a virology laboratory in Mali has been funded to monitor HIV drug resistance. The data presented here are the first generated by this laboratory.
In this study we aimed to determine the prevalence of drug resistance mutations among patients failing on second-line ART, to characterize the resistance genetic profiles and to evaluate the susceptibility to antiretrovirals, especially those that can be used as part of third-line therapy in resource-limited settings.
Patients and methods

Study setting
The study was conducted in Mali with the National AIDS Program (Cellule Sectorielle de Lutte contre le Sida du Ministère de la Santé). The SEREFO laboratory is a training and research centre in the Faculty of Medicine, Pharmacy and Dentistry at the University of Bamako. This laboratory was designated by the Ministry of Health to be the national reference laboratory for HIV drug resistance testing and VL testing in Mali. The patients were followed in different clinical centres, national public hospitals (Point-G Hospital, Gabriel Touré Hospital) or community centres (CESAC in Bamako and USAC Commune V) in Bamako and in other regions. First-line failure was determined according to the Malian national guidelines. 8 The second-line regimen was selected by the clinician based on the guidelines, which recommended ritonavir-boosted lopinavir plus two NRTIs (including at least one of abacavir, didanosine or tenofovir). The NRTI selected was influenced by drug availability. All patients included in this study had been exposed to the three antiretroviral classes (NRTIs, NNRTIs and PIs) available in Mali and had virological failure, defined as VL ≥500 copies/mL after at least 12 months of second-line therapy.
Study population
Approximately 913 patients were receiving second-line ART in Mali at the time of this study. All patients receiving a second-line treatment regimen for at least 12 months in the different participant clinical centres in Bamako or in eight other regions of Mali were enrolled and tested for VL in the reference laboratory. If VL was ≥500 copies/mL, patients were selected for HIV-1 resistance testing and plasma samples were sent to the SEREFO resistance testing laboratory. We collected the following patient information: socio-demographic characteristics (sex and age), VL, CD4 cell count, treatment history (first-line regimen, switch date and second-line regimen) and the current treatment. After resistance testing, patient results were discussed in a multidisciplinary staff conference to propose an optimized third-line regimen for the patient.
HIV-1 genotyping
HIV-1 genotyping was performed using the Celera Diagnostics ViroSeq HIV-1 Genotyping System (version 2.0) according to the manufacturer's instructions with 0.6 mL of plasma. Sequence data were first analysed using the Sequence Analysis software and secondly by Celera Diagnostics ViroSeq HIV-1 Genotyping System software (version 2.8), which assembles sequence data from the primers into a contiguous sequence that can be inspected for the identification of drug resistance mutations. 9 All operators at the SEREFO laboratory were trained and certified by the manufacturer and were proficient in running the ViroSeq assay in the last 2 years. 
Drug resistance interpretation
Statistical analysis
All the statistical analyses were performed using the Statview software. Simple descriptive statistics included medians and proportions, as appropriate. Student's t-test, the Wilcoxon rank-sum test and the x 2 test were applied as required. Univariate analyses were performed to look for factors associated with resistance to salvage antiretroviral drugs (abacavir, tenofovir, etravirine, lopinavir and darunavir). We performed a multivariate analysis to explore factors associated with resistance to darunavir.
Ethics
The study was approved by the national AIDS program in Mali (CSLS/MS) in collaboration with the Malian national ethics committee on health and life sciences for the protection of human subjects. Written or oral informed consent was obtained from all patients.
Results
Patient characteristics
We recruited 106 HIV-1-infected patients after second-line ART failure in Bamako and other regions in Mali. Among the 106 patients, sequences were obtained in 93 cases (88%). Three patients died during follow-up of the second-line ART after resistance testing. The sequenced patients' characteristics are shown in Table 1 . The median VL was high at 72 000 copies/mL (4.86 log 10 copies/mL; IQR 12 000-310000) and the median CD4 cell count was 146 cells/mm 3 Exposure to ART in first-and second-line therapy
Patients were exposed to a median of six antiretrovirals and the details of exposure to the different drugs are illustrated in Figure 1 . Patients were exposed to a median number of four NRTIs, one PI and one NNRTI. Sixty-eight percent of patients were exposed to the generic combination Triomune w (stavudine/lamivudine/nevirapine) for first-line ART, 17.6% to lamivudine/zidovudine/nevirapine and the remainder to other regimens. Eighty percent, 76% and 25% of patients were exposed to abacavir, ritonavir-boosted lopinavir and tenofovir, respectively, for second-line ART.
Genotypic resistance patterns after second-line ART failure in Mali
We found 20% of wild-type viruses. The prevalence of resistance mutations to NRTIs, NNRTIs and PIs is shown in Figure 2 . The M184V mutation selected by lamivudine or emtricitabine was found in 61% of sequences. Thymidine analogue mutations (M41L, D67N, L210W and T215Y/F) were also frequently found: the mutation K70R was present in 15% of sequences and the K219Q/E in 11%. Five percent of patients harboured viruses with multiple NRTI resistance driven by the Q151M complex; no insertion at codon 69 was found. Two percent of patients harboured viruses with the K65R mutation ( Figure 2a ). The most prevalent resistance mutations to NNRTIs were Y181C/I/V (22%), K103N (16%), G190A/S (10%), H221Y (9%) and K101E/ H/P, V106M and Y188L (6% each) ( Figure 2b ). Considering PI mutations, L76V selected by lopinavir/ritonavir was present in 12% of sequences. Other frequently observed major PI resistance mutations were M46I/L, I47V/A, I54M/L, Q58E, V82A/F/T/S, I84V and L90M, whereas G48V, N88D/S and D30N were not present in this study (Figure 2c ).
Drug resistance interpretations
The interpretation of resistance to NRTIs, NNRTIs and PIs according to the 2011 version of the Stanford algorithm is shown in Figure 2 (d). For NRTIs, 66% of viruses were resistant to lamivudine/emtricitabine, 48% to abacavir, 42% to didanosine and stavudine, 40% to zidovudine and 33% to tenofovir. For NNRTIs, 56% were resistant to nevirapine, 52% to efavirenz and 38% to etravirine. For PIs, 25% were resistant to lopinavir and indinavir for each drug, 26% to tipranavir, 24% to nelfinavir, Resistance to second-line ART in Mali 2945 JAC 22% to atazanavir, 20% to fosamprenavir, 19% to saquinavir and 12% to darunavir (Figure 2d ). We also found 65% of viruses resistant to at least one NRTI, 60% to at least one NNRTI and 28% to at least one PI. The prevalence of viral strains resistant to all drugs in an antiretroviral class was 26% for NRTIs, 32% for NNRTIs and 11% for PIs. The prevalence of Factors associated with resistance to ART potentially used in a third-line regimen Univariate analyses were performed to search for factors associated with resistance to different salvage antiretroviral drugs (abacavir, tenofovir, etravirine, lopinavir and darunavir). Duration of NRTI treatment was associated with resistance to abacavir (P,0.0001) and tenofovir (P¼ 0.0001), while the duration of NNRTI treatment was associated with resistance to etravirine (P,0.0001). The duration of PI treatment was associated with resistance to lopinavir (P,0.0001) and darunavir (P ¼ 0.06). Viral load was also associated with resistance to darunavir (P ¼ 0.007), but not to lopinavir, abacavir, tenofovir or etravirine (all P ≥ 0.8). We detected an association between prior exposure to lopinavir and resistance to darunavir (P ¼ 0.045).
The following variables were included in the final multivariate model: VL at failure, duration of PI treatment and the presence of L76V mutation. The two variables that were retained in the final multivariate model as independently associated with resistance to darunavir were the level of VL at failure (P ¼ 0.06) and the presence of the L76V mutation (P ¼ 0.003).
Discussion
We report here an analysis describing the prevalence of drug resistance mutations in 93 HIV-1-infected patients with VL ≥500 copies/mL after second-line highly active ART failure in Mali. We found 20% of patients who had a wild-type virus, which is probably due to a lack of adherence to treatment. Ferradini et al. in Cambodia showed only 7.7% (5/65) patients with HIV RNA detectable. 10 We found resistance to at least one antiretroviral drug in 80% of patients using the latest version of the Stanford algorithm. At present, data on the resistance profiles after second-line treatment failure in Africa are very rare. Most of the resistance data available are from first-line failure and showed high levels of resistance to NNRTIs and high prevalence of TAMs, such as was reported in Togo and Benin. 6, 11 Interestingly, resistance prevalence following failure of second-line ART was slightly higher in other nationwide cross-sectional studies than our study. For example, 85% resistance to at least one drug was reported in France and Geneva in 2007 12 and 85% of children in the Central African Republic with 30 months of treatment harboured resistance to at least one drug. 13 The prevalence was slightly lower in Iran, with 76% resistance to at least one drug. 14 We could also estimate resistance to at least one NRTI in 65%, NNRTI in 60% and PI in 28% according to the latest version of the Stanford algorithm. Although the prevalence of resistance to at least one drug in Mali is lower compared with the results from developed countries, such as France and Switzerland, we urge caution in interpreting this because of differences in prior treatment experience and duration of ART exposure. 12 The proportion of patients harbouring virus resistant to a drug class was 26% to all the NRTI family, 32% to NNRTIs and 11% to PIs. We found multi-class drug-resistant viruses (i.e. resistant to all the three antiretroviral classes available in Mali) in 8.6% (8/93). In the French national resistance network in 2009, Assoumou and colleagues found 10% of patients resistant to NRTI, 9.4% to NNRTI and 11.3% to PI class antiretrovirals. 15 Triple-class resistance to NRTIs, NNRTIs and PIs was observed in 24 (53%) patients in the Indian cohort recently reported by Saravanan et al. 16 The high prevalence of multidrug-resistant viruses in the present cohort is likely to have resulted in part from limited availability of biological monitoring (VL and resistance testing), leading to continuation of a failing regimen for a long time before switching to another regimen. The prevalence of resistance to potential drugs for second-or third-line therapy was 38% for etravirine, 25% to lopinavir and 12% to darunavir. Several studies have shown that the prevalence of NNRTI resistance in those failing first-generation NNRTI treatment is very high in Africa and threatens to compromise etravirine use in these settings. 6, 17 In Malawi, Hosseinipour et al. 18, 19 found 53% resistance to NNRTI after first-line failure. The high frequency of etravirine-resistant viruses is partly due to limited access to VL monitoring and very late switch to second-line therapies. 20 The L76V mutation was found in 12% of patients in our study. This is an important finding since L76V can confer cross-resistance to PIs, such as lopinavir and darunavir, 21 that can be used for second-or third-line therapy in resource-limited settings. Young and others found L76V in only 0.04% of a large cohort (20 501 sequences), 22 and the mutation was associated with a 2-to 6-fold decrease in susceptibility to lopinavir, darunavir, amprenavir and indinavir and a 7-to 8-fold increase in susceptibility to atazanavir and saquinavir. The present prevalence of L76V is relatively high and this could be related to the type of PI used or the suboptimal activity of the NRTI backbone used in second-line therapy, perhaps making the regimen functional lopinavir monotherapy. 23 Alternatively, it also may be due to the HIV subtype. However, this should be further investigated.
One limitation of our study is that we were not able to precisely determine the duration of viraemia because routine VL testing was not feasible; however, this makes our findings generalizable to other resource-limited settings. Another limitation is the absence of information about adherence to ART. Nevertheless, our results show a high prevalence of resistance to etravirine and lopinavir, as well as moderate resistance to darunavir. In our study, we analysed sequences with intermediate resistance according to the Stanford algorithm as resistant because affected drugs no longer exert full antiviral activity. It is important to have at least two fully active drugs in salvage regimens. 3 In conclusion, while etravirine and darunavir became available through the national AIDS programme of Mali at the end of 2011, implementation of third-line therapy will be compromised considerably unless it is guided by viral load monitoring and resistance testing after second-line failure. The use of drugs such as raltegravir in the absence of viral load monitoring will probably lead to resistance to this compound as well and potentially compromise the future use of other integrase inhibitors.
